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The small subunit of bacteriophages SPP1 and SF6 terminase, G1P, share 71% identity clustered in three conserved
segments (I, II, and III). Within segment I the helix–turn–helix DNA-binding domain was mapped, whereas segment III was
found to be nonessential. For terminase activity, chimeric G1Ps, obtained by domain swapping between gene 1 of SPP1 and
the SF6 origin (Chi1 to Chi4), were purified. The chimeric proteins behave in all respects similarly to the G1P of SPP1 or SF6.
The major determinant for G1P:G1P interactions was found to lie within segment II. We showed that a G1P derivative (G1P*)
lacking the 62 N-terminal residues (segment I), and Chi1 lacking the 45 C-terminal residues (segment III) interact with G1P.
The N-terminal domain of G1P is necessary for terminase subunit assembly, because the large subunit of the terminase
(G2P) interacts only with G1P and Chi1, but fails to do so with G1P*. These results suggest that segment III and the extended
C-terminal part of SPP1 G1P do not play a major role in DNA recognition and that G1P recognizes an extended nucleotide
sequence and DNA structure. © 1998 Academic Press
INTRODUCTION
Initiation of packaging of double-stranded bacterio-
phage DNA concatemers involves the specific interac-
tion of the prohead with virus DNA in a process mediated
by a phage-encoded DNA recognition and cleavage (ter-
minase) protein (reviewed in Black, 1989; Murialdo, 1991;
Catalano et al., 1995). The terminase enzymes described
so far are heterooligomers composed of a small and a
large subunit, and with few exceptions, the terminases
do not display a significant level of sequence similarity
among them (reviewed in Black, 1989). It is thought that
the small terminase subunit forms a nucleoprotein struc-
ture that helps to position the terminase large subunit at
its target site termed cos or pac (reviewed in Black,
1989).
The terminase enzyme of Bacillus subtilis bacterio-
phages SPP1 and the highly related SF6 are composed
of a small (G1P) and a large (G2P) subunit which are the
products of genes 1 and 2, respectively (Chai et al.,
1994). The SPP1 and SF6 G1P (native molecular masses
of 190 to 210 kDa and 160–180 kDa, respectively) share
71% identity clustered in three discrete regions (seg-
ments I, II, and III) (Chai et al., 1994). Within segment I
(residues 11 to 49) lies the putative NTP-binding motif
and the information to specifically recognize the pack-
aging initiation subsites (termed pacL and pacR) by a
helix–turn–helix motif (located between residues 23 and
44) (see Fig. 1A). This is consistent with the fact that the
major groove binding dye methyl green, which does not
distort sequence-directed bending of DNA, competes
with G1P for binding at pacL DNA (Chai and Alonso,
1996) and that a G1P derivative (G1P*) lacking the first 62
residues interacts with wild-type G1P but fails to bind
DNA (Chai et al., 1994). It is thought that the G1P seg-
ment II (residues 65 to 120) or III (residues 137 to 157)
or the concerted action of both are involved in the G1P:
G1P interaction. The putative phosphate-binding loop
(AXXXXGKL/A) was predicted within segment II (Chai et
al., 1994). Purified G1P, however, fails to hydrolyze ATP or
dATP (Chai et al., 1994). No apparent biological role can
be assigned to the carboxy terminal region of the G1P of
the SPP1 origin (Chai et al., 1995; Fig 1A). In spite of the
differences between the SPP1 and SF6 phages at the
nucleotide and amino acid level of G1P, the G2Ps of the
two phages are identical (our unpublished results).
The SPP1 pac region can be subdivided into three
discrete sites (pacL, pacC, and pacR) (Chai et al., 1995).
The nuclease activity associated with the terminase
large subunit (G2P) cleaves at pacC, located between
pacL and pacR sites (Deichelbohrer et al., 1982; Chai et
al., 1992, 1995). G1P binds cooperatively to the encapsi-
dated (pacR) and nonencapsidated (pacL) DNA ends and
holds the two binding sites together in a DNA loop (Chai
et al., 1995). The G1P recognition site at pacL is embed-
ded in a sequence-directed DNA bend and G1P binding
to pacL DNA enhances DNA bending (Chai et al., 1995).
Distamycin, a minor groove binder that induces local
distortions of the DNA, inhibits G1P–pacL complex for-
mation, but other minor groove binding compounds that
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do not distort DNA failed to compete with G1P for pacL
DNA binding (Chai and Alonso, 1996). The competition of
G1P with distamycin for DNA binding at the pacL site
was also shown to be independent of the order of addi-
tion of the reactants. Furthermore, cationic metals, which
generate a repertoire of DNA structures different from
the one caused by the minor groove binder distamycin,
can partially reverse the distamycin-induced inhibition of
G1P binding to pacL DNA (Chai and Alonso, 1996).
DNase I footprinting experiments suggest that each G1P
target site contains two discrete binding domains,
termed Box a in pacL and Box c in pacR (Chai et al.,
1995). The interaction of G1P with pacL DNA was ob-
served only on one side of the double helix. Furthermore,
G1P bound to pacL and G1P bound to pacR give rise to
a loop of 204 bp (or about 20 turns of the DNA helix).
Additional evidence for DNA looping is provided by the
alternating DNase I-hypersensitive and DNase I-resis-
tant sites in the complexed DNA, which appear with an
approximate periodicity of 10 bp (Chai et al., 1995). On
the basis of published data it has been hypothesized that
the natural sequence-directed bend that exists within the
pacL site is the architectural element that facilitates the
assembly of a nucleoprotein complex and hence the
initiation of DNA encapsidation by bacteriophage SPP1
(Chai et al., 1995; Chai and Alonso, 1996).
In this work, we have purified and characterized dif-
ferent chimeric SPP1:SF6 G1Ps and the SPP1 G2P. The
purified G1Ps bind cooperatively to the nonadjacent
pacL and pacR sites. The interaction of the different
G1Ps with the intrinsically bent pacL DNA facilitates the
formation of a higher-order nucleoprotein structure. The
binding of the G1Ps within pacL DNA, which occurs on
only one face of the double helix, was studied. G1P
specifically binds to a discrete DNA region and the
binding is stabilized by a DNA structure imposed by the
protein. We have confirmed that the G1P:G1P interacting
domain lies within the central portion (residues 63 to 138)
of the protein and have determined by different biochem-
ical approaches that the major determinant for G1P:G2P
interaction lies in segment I. The nonessential segment
III and the extended C-terminal part of SPP1 G1P (see
Chai et al., 1994) are dispensable in the G1P:G1P and
G1P:G2P interactions. The results presented here sug-
gest that G1P recognize an extended nucleotide se-
quence and a DNA structure.
RESULTS AND DISCUSSION
The sequences of G1P of SPP1 and the SF6 origin are
71% identical and have three segments (I, II, and III) in
common (Chai et al., 1994; Fig. 1A). In a previous study,
we showed that certain chimeric G1Ps, obtained by do-
main swapping between gene 1 of SPP1 and SF6, com-
plement the defect of SPP1 conditional lethal mutants in
gene 1 (Chai et al., 1994; Fig. 1B).
In the case of bacteriophage l, the subunit assembly
domain lies within the C-terminal domain of the termi-
nase small subunit (Frackman et al., 1985). To map the
protein residues involved in G1P–DNA, G1P–G1P, and
G1P–G2P interactions we have purified and character-
ized SPP1 wild-type G1P, a SPP1 G1P derivative lacking
the first 62 residues (G1P*) and four different SPP1 and
SF6 G1P chimeric proteins. In chimeras Chi1 and Chi2,
segment III and the C-terminal end are absent and in
chimeras Chi3 and Chi4, segment III has been ex-
changed between SPP1 and SF6 G1P (Chai et al., 1994,
Fig. 1B)].
Chimeric G1Ps lacking part of the C-terminal end bind
cooperatively to SPP1 pac DNA
A 320-bp DNA fragment (0.3 nM) containing the SPP1
242-bp XhoII–HinfI (part of pacL, pacC, and pacR sites)
was radiolabeled and used as probe in a filter-binding
assay using the highly purified G1P and chimeric G1Ps
and G1P DNA. Complex formation was determined as a
function of G1P concentration (Fig. 2). SPP1 G1P (pre-
dicted molecular mass of 20.7 kDa) and SF6 G1P (16.7
kDa) exist in solution as oligomer at about picomolar
concentration (the native protein is a decamer in solu-
tion) (Chai et al., 1995). The dependence of DNA reten-
tion on SPP1 or SF6 G1P concentration appeared to
follow a sigmoidal curve, indicating cooperativety of
binding. The apparent equilibrium constant (Kapp) of
SPP1 G1P and pac-DNA was estimated to be approxi-
mately 10 nM at pH 7.5 and 37°C (Fig. 2). The same Kapp
is observed when SF6 G1P was used (Chai et al., 1994,
1995). At the protein concentration midpoint, about 20
SPP1 G1P (Fig. 2) or SF6 G1P protomers bind to each of
the 320-bp DNA fragments in a cooperative manner
(Chai et al., 1995).
Under identical experimental conditions, the Kapp for
pac-DNA of chimeric SPP1–SF6 proteins was deter-
mined. Chi1 (predicted molecular mass 15.5 kDa) and
Chi4 (20.3 kDa) have a Kapp for pac-DNA of about 32 and
23 nM, respectively. These are slightly lower than wild-
type proteins, whereas the Kapp of Chi2 (16.0 kDa) and
Chi3 (17.0 kDa) were similar (9 and 8 nM, respectively) to
that of SPP1 or SF6 G1P. It is likely, therefore, that the
absence of segment III and the C-terminal domain nei-
ther affect the affinity of G1P for the SPP1 pac-containing
(Chi2, see Fig. 1B) nor the cooperativity of the G1P–DNA
interaction. The latter parameter is used as an indirect
measurement of G1P oligomerization. This is consistent
with the fact that a G1P derivative (G1P*) lacking the first
62 residues interacts with wild-type G1P but fails to bind
DNA (Chai et al., 1994). Furthermore, modification of
residues at position 123 to 138 and the addition of 31
residues on the C-terminal part of SF6-G1P (Chi4) only
marginally affected the DNA-binding activity of the pro-
tein (2-fold), yet did not affect the cooperativity of binding
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when compared to the G1P of SPP1 or SF6 origins (see
Fig. 2). This is in good agreement with our previous
results showing that plasmid-borne chimeric proteins
(Chi1, Chi2, Chi3, and Chi4) complement the defect of
conditional lethal mutants in SPP1 gene 1 (Chai et al.,
1994). A plasmid-borne Chi1 and Chi 4 fully comple-
mented the G1P defect while in cells bearing a plasmid-
borne Chi2 and Chi3, a 1.7- to 2-fold lower plating effi-
ciency was detected (Chai et al., 1994).
Chimeric G1Ps interaction with pacL DNA occurs
on one face of the DNA double helix and forms
a specialized nucleoprotein complex
The G1P-binding region on pacL contains two direct
repeated segments, termed Box a (Chai et al., 1995). The
presence of Box a within the intrinsically bent DNA and
the G1P-induced bending suggests that the length of the
DNA segment protected by G1P is probably determined
by the ability of the protein to direct the DNA to follow a
certain conformation imposed by the G1P decamers.
A periodic pattern of DNase I hypersensitive sites is
observed when wild-type G1P (SPP1 or SF6 origin) is
incubated with a pacL DNA-containing fragment (Chai et
al., 1995). To test whether the chimeric G1Ps interact with
only one face of the DNA double helix and direct the DNA
to follow a certain conformation imposed by G1P, the
271-bp HpaII–BsmI pacL–DNA fragment (coordinates 1
to 271) was used as a probe in DNase I protection
experiments using the wild-type or chimeric G1Ps (see
Fig. 3).
As previously reported, the top strand in the G1P–pacL
complex displayed nine domains of protection in-
terspaced by phosphodiester bonds hypersensitive to
DNase I cleavage (Chai et al., 1995; Fig 3). The hyper-
sensitive sites are separated by 10 6 1 nucleotides,
which is about one helical turn (assuming 10.5-bp per
turn) in double-stranded B-form DNA (Fig. 3). The bottom
strand exhibited seven protected stretches, two of which
were remarkably long (16 6 1 nucleotides), with the
protected domains interspaced by sites hypersensitive
FIG. 1. Amino acid sequence comparison of phage SPP1 and SF6 G1P. (A) The deduced amino acid sequences (one letter code) of G1P and G1P*
of SPP1 and SF6 are aligned. The vertical bars denote identical residues, dots conserved residues, and the absence of a bar or dot indicates
nonconserved residues. The putative NTP-binding and NTP-hydrolysis motifs (A and B respectively of Walker et al., 1982) are boxed. The putative HTH
motif is underlined. The N-terminal methionine absent in the purified SPP1 G1P is shown in lowercase and the N-terminal methionine of G1P* is
framed (Chai et al., 1994). Segments I, II, and III are indicated as boxed (broken line). (B) Open and filled bars denote the G1P of SPP1 and SF6 origin,
respectively. The thin lines denote new residues. Chi1 and Chi3 contain the first 136 and 148 residues of SPP1 G1P, respectively. Chi2 and Chi4
contain the first 136 and 151 residues of SF6 G1P. Chi1 and Chi2 contain at their C-terminal end 2 and 9 residues of vector origin. Chi3 and Chi4
contain 4 and 31 residues at their C-terminal end of SF6 and SPP1 G1P origin, respectively. The polypeptide length is indicated. Segments I, II, and
III are boxed (broken line).
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to DNase I cleavage (data not shown). These periodic
anomalies in the DNase I cleavage pattern imply that the
DNA segment is highly flexible (reviewed by Hagerman,
1990).
In the presence of 120 nM of the G1P chimeric pro-
teins (Chi1, Chi2, Chi3, and Chi4) and 5 nM of 32P-labeled
pacL DNA, the same pattern of protection and in-
terspaced hypersensitivity to DNase I cleavage as with
wild-type G1P were observed (Chai et al., 1995; Fig. 3).
DNase I footprinting with similar characteristics has
been observed for curved DNA that is wrapped around a
protein and in looped DNA (Kirkegaard and Wang, 1981;
Morrison and Cozzarelli, 1981; Drew and Travers, 1985;
Hochschild and Ptashne, 1986). Drew and Travers (1985)
explained this phenomenon by proposing that helical
grooves located on the inner surface of the bend/loop
are sterically occluded and that grooves on the outer
face are the sites of enhanced DNase I cleavage. It is
likely, therefore, that the chimeric G1Ps assemble in a
ring-like structure as reported for the SF6 and SPP1 G1P
(Chai et al., 1995). The pacL DNA wraps around a wild-
type G1P, which has a ring-like structure (see Chai et al.,
1995). Since similar DNaseI protected and hypersensi-
tive sites are observed when wild-type G1P is replaced
FIG. 2. pac region DNA binding by wild-type or chimeric G1Ps. The 32P-labeled 320-bp DNA (0.3 nM) (containing the 242-bp XhoII–HinfI
pac-cleavage site) in buffer A (25 mM Tris–HCl, pH 7.5, 200 mM NaCl, 10 mM MgCl2) was brought to 37°C; increasing amounts of G1P or chimeric
G1Ps were added (final volume 20 ml) and the incubation was continued for 15 min. The DNA retained on the filter after washing was corrected for
the retention of 32P-labeled pac–DNA in the absence of G1P (about 2 to 3% of total input). Filled circle, wild-type G1P; open square, chimeric G1P.
In A, Chi1; in B, Chi2; in C, Chi3; and in D, Chi4.
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by the chimeric proteins, we can infer that segment III
(absent in Chi1 and 2) is not involved in the G1P:G1P
interaction. It is likely, therefore, that chimeric G1Ps also
have a ring-like structure.
Wild-type or chimeric G1Ps interact with Box a and
impose a defined conformation to the pacL DNA
The DNase I cleavage pattern from G1P–DNA com-
plexes revealed that at low protein concentration a clear
contact with two nonadjacent sites [one at the left hand
side (pacL site) and another one at the right hand side
(pacR site) of the pacC site] was observed. No apparent
nucleotide sequence identity could be detected between
the pacR and pacL sites. However, two sets of 7-bp
direct repeats, termed Box a (within pacL) and Box c
(within pacR), were observed within the protected region.
To test the relevance of these boxes in the interaction
of G1P with pac-containing DNA (pacL–pacC–pacR), we
used methylation interference experiments and the miss-
ing-nucleoside assay. The former experiments would al-
low us to identify those adenine or guanine residues that,
when methylated, interfere with G1P binding, whereas
the latter identify the nucleosides that are important for
the binding of G1P to DNA. Both types of experiments
failed to identify any specific residues whose methylation
or absence impaired the binding of G1P or chimeric
proteins to pac-containing DNA (data not shown). It is
likely therefore, that the G1P binding sites (Boxes a and
c) are equally important and G1P interacts with two
different set of sequences.
We have previously shown that the specific DNase I
pattern of protection and hypersensitivity were observed
when the left hand-side Box a (between nucleotides 140
to 146, left) of the SPP1 pacL segment (DpacL) was
replaced by an unrelated nucleotide sequence (Chai et
al., 1995; see Fig. 3). Furthermore, the presence of Boxes
a within the intrinsically bent DNA and the G1P-induced
bending suggests that the precise position at which G1P
associates with the pacL DNA segment and the face of
the double helix that is in contact with (or exposed away
from) G1P determine the extent that the protein causes
the DNA to follow a defined conformation (positioning)
(Chai et al., 1995; Chai and Alonso, 1996). To test this
hypothesis, we constructed pacL substrates (DpacL) in
which we systematically deleted DNA sequences from
the right-hand side of the segment depicted in Fig. 4. In
the presence of 120 nM of wild-type G1P and 5 nM of
32P-labeled pacL DNA (coordinates 1 to 271), the typical
pattern of protection and interspaced hypersensitivity to
DNase I cleavage was observed (Figs. 3 and 4). The
replacement of coordinates 189 and 271 (rightmost Box a
between nucleotides 183 and 189) with nonspecific se-
quences had no effect on the pattern of protection and
hypersensitivity to DNase I (Fig. 4). To obtain the same
FIG. 3. Schematic representation of the top strand sequences of DNase I protection and hypersensitive sites of pacL DNA by wild-type and chimeric
G1Ps. The 271-bp HpaII–BsmI pacL–DNA fragment was end-labeled, incubated with different concentrations of wild-type G1P or chimeric G1Ps, and
partially digested with DNase I. In the top strand (coordinates 100 to 200) the regions protected from DNaseI cleavage are boxed, whereas the
hypersensitive sites are denoted by filled arrows. Both strands of the directly repeated box a are boxed (broken lines). The proteins used to detect
pacL protected and hypersensitive sequences are indicated at the right side.
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pattern of protection and hypersensitivity to DNase I in
the replacements between coordinates 168 to 271 and
163 to 271, however, we needed twice the amount of G1P
(240 nM). When both Boxes a (coordinates 183 to 189
and 141 to 147) were replaced by nonspecific sequences,
the pattern of protection and hypersensitivity to DNase I
cleavage was not detected even in the presence of 480
nM of G1P. The same results were obtained with the
chimeric proteins (data not shown). It is likely, therefore,
that the presence of only one Box a, within the intrinsi-
cally bent DNA, is sufficient to direct the DNA to follow a
certain conformation imposed by the G1P ring-like
decamer, but that the amount of protein required is
higher. This is consistent with the fact that the selective
loss of any single nucleotide does not affect the interac-
tion of G1P with pac-containing DNA (see above) and
that in vivo DNA packaging is not markedly affected by
the deletion of either the pacL or the pacR DNA region
(see Bravo et al., 1990).
G1P segments I and II are the major determinants
of G1P:G1P and G1P:G2P interaction
To study the G1P interacting domain, polyclonal anti-
bodies raised against purified G1P or G1P* were inmo-
bilized in a protein A–Sepharose column (Fig. 5). G1P
(540 nM) and G1P* (770 nM) (lacking the first 62 resi-
dues) were loaded onto the column. G1P* was able to
retain G1P and Chi1 in the column, whereas BSA, a
nonspecific control, was present in the flow-through vol-
ume (data not shown). These results suggest that G1P*,
which lacks the first 62 residues (segment I), is able to
interact with G1P and with the Chi1 chimera that lacks
the last 45 residues. From these data we inferred that the
major G1P:G1P interaction domain was located within
coordinates 63 and 137. The same type of interaction
was observed when the SPP1 and SF6 G1P or Chi2
chimera were analyzed. These proteins share no identity
between residues 122 and 138. It is likely, therefore, that
the major G1P:G1P interaction domain is between resi-
dues 63 and 121 (see Fig. 1A). These results are in good
agreement with those obtained using gel filtration exper-
iments (see Chai et al., 1994, 1995).
To characterize a possible interaction between G1P
and G2P, purified G1P, G1P*, or the Chi1 protein were
immobilized in a protein A–Sepharose column. G1P (540
nM), G1P* (770 nM), or Chi1 protein (900 nM) was im-
mobilized in the column. G2P (210 nM) was then loaded.
G1P retained G2P in the column at 0.5 M NaCl concen-
tration, whereas BSA, a nonspecific control, was present
in the flow-through volume. At 1 M NaCl, about 80 to 90%
of the input G2P was present in the elution volume. The
same results were obtained when Chi1 was immobilized
on the protein A–Sepharose column (data not shown).
When G1P* was immobilized in the column, about 60 to
70% of the input G2P loaded onto the column was
present in the flow-through volume and 20 to 25% in the
0.3 M NaCl wash. It is likely, therefore, that the major
determinant for G1P:G2P interaction is within segment I,
FIG. 4. Alignment of DNase I protection and hypersensitive sites to partial or full pacL sequences by wild-type G1P. The 271-bp HpaII–BsmI
pacL–DNA fragment was end-labeled, incubated with different concentrations of wild-type G1P or chimeric G1Ps, and partially digested with DNase
I. In the top strand the regions protected from DNaseI cleavage are boxed, whereas the hypersensitive sites are denoted by filled arrows. Both strands
of the directly repeated box a are boxed (broken lines). Only the relevant SPP1 wild-type (wt) pacL region (coordinates 100 to 200) is indicated. In pacL
D188 (100 to 188), in pacL D167 (100 to 167), in pacL D162 (100 to 162), and in pacL D138 DNA fragment (100 to 138), the uppercase letters show the
SPP1 pacL nucleotide sequence, whereas the lowercase letters denote non-SPP1 sequences.
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because the information provided by the N-terminal 62
residues seems to be an important component (see Fig.
1A). At the present time, we cannot assay the role of
segment II in the G1P:G2P interaction. Since DNA was
absent in the G1P and G2P assembly reaction, it is likely
that terminase is assembled before its interaction with
the pac site.
Within the N-terminal 62 residues, including segment I
(residues 11 to 49), lies the putative NTP- and DNA-
binding motifs and the major determinant for the G1P:
G2P interaction. Within segment II lies the putative phos-
phate-binding loop (AXXXXGKL/A) and the G1P:G1P inter-
acting domain. Segment III and the C-terminal end seem
to be dispensable (Chai et al., 1994; this report).
MATERIALS AND METHODS
Bacterial strains and plasmids
Escherichia coli strains used were JM103, for propa-
gating plasmids (Yanisch-Perron et al., 1985), and
BL21(DE3), for protein overexpression (Studier, 1991).
The plasmid-borne gene 1 chimeric genes [pBT419
(Chi1), pBT420 (Chi2), pBT421 (Chi3), pBT422 (Chi4)], and
SPP1 gene 1 (pBT115) (Chai et al., 1994), pBT363,
pBT397, and pBT398 (Chai et al., 1995), pT712 (GIBCO-
BRL), pQE11, and pREP4 (Quiagen), pUC18 (Yanisch-
Perron et al., 1985), and pLysE (Studier, 1991) have been
described previously. Plasmids pCB193 (D188), pCB194
(D167), pCB167 (D162), and pCB192 (D138) were ob-
tained from the plasmid-borne pac site (pBT398) by mak-
ing nested deletions with ExoIII enzyme. The deletion
end-points were determined by nucleotide sequencing.
The plasmid-borne gene 2 (pCB191) was obtained by
cloning gene 2 into HindII–HindII-linearized pQE11 and
its overexpression was carried out in BL21(DE3) cells
bearing plasmid pREP4.
Enzymes and reagents
Dithioerythreitol, isopropyl-b-D-thiogalactopyranoside,
lysozyme, and the ExoIII kit were from Merck, Calbio-
chem, Boehringer, and Pharmacia, respectively. Cellu-
lose phosphate was from Whatman, Heparin Sepharose
LC-6B, Hitrap-Sepharose, protein A–Sepharose, and Q-
Sepharose were from Pharmacia. [a32P]dATP was from
Amersham Corp (F.R.G.). Ultrapure acrylamide was from
Serva.
DNA manipulations
Covalently closed circular plasmid DNA was purified
by using the SDS lysis method (Sambrook et al., 1989)
followed by purification on a cesium chloride–ethidium
bromide gradient. Gel-purified DNA fragments were end-
labeled by filling in the restriction site using the large
fragment of DNA Pol I in the presence of [a-32P]dATP and
dTTP, dCTP, and dGTP. Analytical and preparative gel
FIG. 5. Protein–protein interaction measured by polyclonal antibodies immobilized on a protein A–Sepharose column. G1P and G1P* (shown at the
top) were individually immobilized by specific antibodies and protein A–Sepharose in buffer B (50 mM Tris–HCl, pH 7.5, 5% glycerol) containing 300
mM NaCl, and then G2P was loaded. The flow-through, the wash in buffer B containing 300 mM NaCl, and the elution fractions in buffer B containing
500 mM or 1 M NaCl were concentrated. Data are shown as the percentage of released to input G2P, which was determined by densitometric analysis
of the protein bands observed in SDS–PAGE.
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electrophoreses of plasmid DNAs and restriction frag-
ments were carried out either in 0.8 % (w/v) agarose/
Tris–acetate–EDTA horizontal slab gels or with 4% (w/v)
polyacrylamide/Tris–borate gels. The concentration of
DNA was determined using the molar extinction coeffi-
cients of 6500 M21 3 cm21 at 260 nm. The amount of
DNA is expressed in moles.
Protein purification
Wild-type SPP1 G1P and SPP1 G1P* were purified as
previously described (Chai et al., 1994). The chimeric
G1Ps were purified using the same protocol. G2P was
purified using a Hitrap nickel-chelating column accord-
ing to the manufacters instructions (Pharmacia). The
concentrations of G1P, G1P*, the chimeric G1Ps, and
G2P are expressed as moles of protein protomers.
Filter binding assay
The formation of DNA complexes was measured by
using alkali-treated filters (Millipore, 0.45 mm type HAWP)
as previously described (Chai et al., 1995). The standard
reaction (20 ml) was carried out in a mixture of a solution
containing 0.3 nM (5 fmol) of 32P-labeled 242-bp XhoII–
HinfI DNA (obtained as a 320-bp HindIII–EcoRI DNA
fragment from plasmid pBT363) and increasing concen-
trations of SPP1 G1P or chimeric G1Ps (0.45, 0.9, 1.8, 3.5,
7, 14, 28, 56, and 112 nM) in buffer A (25 mM Tris–HCl, pH
7.5, 200 mM NaCl, 10 mM MgCl2) and incubated for 15
min at 37°C. Ice-cold buffer A (1 ml) was added to the
mixture to stop the reaction, which was then filtered
through KOH-treated filters. Filters were dried and the
amount of radioactivity bound to the filter was deter-
mined by scintillation counting. The DNA retained on the
filter was corrected for the retention of radioactively
labeled DNA in the absence of G1P. The specific activity
of the labeled DNA was measured as TCA-precipitable
material.
DNA footprinting assay
DNase I cleavage reactions were performed essen-
tially as described by Galas and Schmitz (1978). Reaction
mixtures (20 ml) consisting of 5 nM of 32P-labeled DNA
(the SPP1 271-bp HpaII–BsmI DNA segment was taken
as a 308-bp fragment from plasmid pBT397) were equil-
ibrated at 37°C for 20 min with different concentrations
of G1P or chimeric G1Ps (26, 42, 84, 169, 338, 676, and
1352 nM) in buffer A. DNase I was added to obtain one
cut per DNA molecule on average and the digestion was
for 2 min at 37°C. The reactions were terminated by the
addition of 25 mM EDTA. The DNA was precipitated and
then resuspended in denaturing formamide loading
buffer and separated in 6% denaturing PAGE as de-
scribed (Sambrook et al,. 1989). Autoradiographs of the
dried gels were subsequently made.
Methylation interference assays
The end-labeled DNA fragments used for methylation
interference experiments (Siebenlist and Gilbert, 1980)
were the same as those indicated for the DNase I foot-
printing (pBT397) and filter-binding (pBT363) assays.
End-labeled DNA was partially methylated with 50 mM
dimethyl sulfate in 50 mM sodium cacodylate (pH 8), 25
mM MgCl2, 0.1 mM EDTA. After 10 min at room temper-
ature, the reaction was stopped by addition of b-mercap-
toethanol (0.2 M final concentration), and the DNA was
precipitated twice with ethanol. Methylated DNA was
incubated with wild-type G1P (670 nM) in buffer A and 3
mg of poly(dI–dC) in a total volume of 20 ml. Free and
protein-bound DNA were resolved by electrophoretic
mobility shift assays (EMSA), eluted from the gel, and
precipitated with ethanol. DNA was resuspended in 100
ml of 1 M piperidine and incubated for 30 min at 90°C to
generate breaks at methylated positions. Piperidine was
evaporated under vacuum with 1 vol of ethanol, and the
DNA analyzed using 6% urea–polyacrylamide gels.
Missing-nucleoside assays
The end-labeled pac DNA fragments used were the
same as those indicated for methylation interference
assay. DNA (20 ml) was treated by the addition of 3 ml of
a freshly prepared solution containing 4 mM EDTA, 2 mM
ammonium iron(II)–sulfate hexahydrate, 16 mM sodium
ascorbate, and 1.5% H2O2 to obtain DNA fragments which
contained on average no more than one gap per mole-
cule (Tullius and Bombrosky, 1983). After 4 min, the
reaction was stopped by addition of 2 ml of 100 mM
thiourea and 2 ml of 0.5 M EDTA. Samples were diluted
1:1 with water, the DNA was precipitated and then re-
suspended in 20 ml of 25 mM Tris–HCl (pH 7.5), 10 mM
MgCl2, and 2.5 mg of poly[d(I–C)]. The wild-type G1P (670
nM) was added and the mixture incubated for 15 min at
37°C. Bound and unbound DNA were separated by
EMSA, excised from the gel, purified by electroelution,
precipitated with ethanol, and analyzed with 8 % urea–
polyacrylamide gels.
Affinity chromatography analysis
Polyclonal rabbit antibodies raised against SPP1 G1P
or G1P* were coupled to a protein A–Sepharose column
as recommended by the supplier (Pharmacia). G1P (540
nM), G1P* (770 nM), Chi1 (900 nM), Chi2 (700 nM), Chi3
(610 nM), Chi4 (490 nM), and G2P (210 nM) were incu-
bated together or separately at room temperature for 60
min in buffer B (50 mM Tris–HCl, pH 7.5, 5% glycerol)
containing 300 mM NaCl and then loaded onto the
AntiG1P– or AntiG1P*–protein A–Sepharose column (20
ml column) equilibrated with the same buffer. The col-
umns were then washed with 15 column volumes of
buffer B containing 300 mM NaCl and eluted with 5
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column volumes of buffer B containing 500 and 1 M
NaCl. Fractions were analyzed by a 12.5% SDS–PAGE.
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